Abstract. MicroRNAs (miRs) may induce mRNA degradation or inhibit protein translation by directly binding to the 3'-untranslational region of target mRNAs. It has been reported that miR-138 is downregulated in malignant melanoma (MM) cells. However, the role of miR-138 in MM cell proliferation, invasion and energy metabolism remains unknown. These were investigated using reverse transcription-quantitative polymerase chain reaction was used to evaluate the expression of miR-138 and the mRNA expression of hypoxia-inducible factor-1α (HIF-1α), as HIF-1α serves a crucial role in glycolysis, which is important for tumor growth. In addition, western blot analysis was used to detected the protein expression of HIF-1α, while MTT and Transwell assays evaluated cell proliferation and invasion, respectively. Furthermore, glucose consumption and lactic acid production were assessed. These tests were conducted using the normal human melanocyte cell line HM and the MM cell line WM451, which was transfected variously with scramble miR mimics, miR-138 mimics, miR-138 inhibitor, non-specific small interfering (si)RNA, HIF-1α siRNA, or co-transfected with miR-138 mimics and pc-DNA3.1(+)-HIF-1α plasmid. The results showed that miR-138 was significantly downregulated in MM WM451 cells compared to a normal melanocyte cell line HM. Overexpression of miR-138 significantly inhibited the proliferation and invasion of WM451 cells. These effects were similar to those induced by the siRNA-mediated knockdown of HIF-1α, a direct target of miR-138. Further investigation found that miR-138 negatively regulated the protein expression of HIF-1α in WM451 cells. Moreover, upregulation of miR-138 notably inhibited the glycolysis level, as demonstrated by reduced glucose consumption and lactic acid production,
which could be reversed by the overexpression of HIF-1α. In summary, the present study demonstrated that miR-138 is able to inhibit proliferation, invasion and glycolysis in MM cells, potentially by directly targeting HIF-1α.
Instruction
Malignant melanoma (MM) is an aggressive skin cancer, which results in ~80% of the mortality associated with skin cancer (1, 2) . Furthermore, the incidence of MM increases by 3.1% per year in the US (3) . Further investigation into the molecular mechanisms underlying the pathogenesis of MM may provide potential targets for its diagnosis and treatment.
MicroRNAs (miRs) are a type of non-coding RNA that can cause mRNA degradation or inhibit protein translation by directly binding to the 3'-untranslational region of their target mRNAs (4) . By regulating the expression of their target genes, miRs influence various biological processes, including cell proliferation, differentiation, survival, apoptosis and cell cycle progression (5) . Previous studies have shown that many miRs are crucially involved in tumor cell growth, proliferation, apoptosis, metabolism, migration, invasion and metastasis in vitro and in vivo (6) . Among these miRs, miR-138 generally functions as a tumor suppressor in human cancers (7) (8) (9) . For example, Chen et al found that miR-138 was downregulated in ovarian cancer, and that the overexpression of miR-138 inhibited ovarian cancer cell proliferation, migration and invasion (10) . Recently, deregulation of miR-138 was suggested to be associated with MM. Poliseno et al aimed to investigate the use of an miR signature that may serve as a marker of the most common melanoma histological subtypes, superficial spreading melanoma (SSM) and nodular melanoma (NM), and found that miR-138 was downregulated in SSM compared with NM (11) . However, the function of miR-138 in mediating the proliferation and invasive capacities of MM cells, as well as the energy metabolism (including glycolysis), remain largely unknown.
HIF-1α is an important regulator in the cellular and systemic homeostatic responses to hypoxia by activation of gene transcription (12) . In recent studies, the role of HIF-1α in tumorigenesis has gradually been determined (13) (14) (15) . The expression levels of HIF-1α were demonstrated to be significantly increased in multiple types of human cancer (12, 13, 16) . Furthermore,
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HIF-1α was observed to be upregulated in advanced MM compared with melanocytic nevi or thin melanomas localized to the skin (17) . However, the regulatory mechanism of HIF-1α expression in MM has yet to be elucidated. The present study aimed to elucidate the role of miR-138 in mediating proliferation, invasiveness and glycolysis, as well as the underlying mechanisms in MM cells.
Materials and methods
Cell culture. Human MM cell line WM451 and normal human melanocyte cell line HM were purchased from the Cell Bank of Central South University (Changsha, China). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified incubator containing 5% CO 2 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted using the TRIzol Reagent (Life Technologies, Thermo Fisher Scientific, Inc.) according to the manufacturer's instruction. miRs were isolated from cells using an MiRNeasy Mini Kit (cat no. AM1560; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. An MiRNA Reverse Transcription Kit (QIAGEN, Inc., Valencia, CA, USA) was used to convert RNA into cDNA (0.5 µl), according to the manufacturer's instructions. RT was performed at 16˚C for 30 min, followed by an incubation step at 42˚C for 30 min and enzyme inactivation at 85˚C for 5 min. The expression of miR was then determined using a TaqMan MicroRNA Assays Kit (Thermo Fisher Scientific, Inc.) in a 7500 Fast Real Time PCR System (Thermo Fisher Scientific, Inc.). For qPCR, 0.5 µl cDNA solution, 10 µl PCR master mix (Thermo Fisher Scientific, Inc.), 2 µl primers, and 7.5 µl H 2 O were mixed to obtain a final reaction volume of 20 µl. U6 was used as an endogenous reference. The relative expression of miR was analyzed using the 2 -∆∆Cq method (18) and the fluorophore used was SYBR Green PCR Master Mix (Thermo Fisher Scientific, Inc.). The primers were as follows: Forward, 5'-CAC CAC AGG ACA GTA CAGGAT-3' and reverse, 5'-CGT GCT GAA TAA TAC CAC TCACA-3' for HIF-1α; forward, 5'-CTG GGC TAC ACT GAG CACC-3' and reverse, 5'-AAG TGG TCG TTG AGG GCAATG-3' for GAPDH, which was used as an internal control. The PCR cycling conditions were 95˚C for 10 min, and 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation step at 60˚C for 60 sec. Detection was performed three times.
Tra nsfection. Transfection was per for med using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), in accordance with the manufacturer's instructions. For functional analysis, WM451 cells were transfected with scramble miR mimics (cat no. NL0801), miR-138 mimics (cat no. NL0871), miR-138 inhibitor (cat no. NL0954), non-specific siRNA (cat no. NL0201), HIF-1α siRNA (cat no. NL0256), or co-transfected with miR-138 mimics and pc-DNA3.1(+)-HIF-1α plasmid (cat no. NL0201) all purchased from Nlunbio (Changsha, China), respectively.
Western blot assay. Cells were lysed in cold RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China). A BCA Protein Assay Kit (Pierce Biotechnology; Thermo Fisher Scientific, Inc.) was used to determine the protein concentration. Protein (50 µg) was then separated using 10% SDS-PAGE, and transferred to a polyvinylidine fluoride (PVDF; both Thermo Fisher Scientific, Inc.) membranes. The PVDF membrane was blocked in 5% nonfat dried milk in phosphate-buffered saline (PBS; Thermo Fisher Scientific, Inc.) for 4 h. Subsequently, the PVDF membrane was incubated with mouse anti-HIF-1α monoclonal antibody (cat no. ab199004; 1:200) and mouse anti-GAPDH monoclonal antibody (cat no. ab8245; 1:100) for 3 h at room temperature. After washing with PBS three times, each time for 5 min, the PVDF membrane was incubated with rabbit anti-mouse secondary antibody (cat no. ab190475; 1:5,000) for 1 h at room temperature. All antibodies were purchased from Abcam (Cambridge, UK). After washing with PBS three times (5 min per wash), a Pierce ECL Western Blotting Kit (cat no. 32109; Pierce Biotechnology) was used to detect the immune complexes on the PVDF membrane. Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used to analyze the relative protein expression levels, as represented as the density ratio versus GAPDH. GAPDH was used as an internal reference.
Cell proliferation assay. For all groups, 10,000 cells per well were plated in a 96-well plate. Following treatment, the plates were incubated for 0, 24, 48 or 72 h at 37˚C in 5% CO 2 . To assess cell proliferation, an MTT assay was performed according to the manufacturer's instructions. In brief, 10 µl MTT reagent (5 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) in PBS was added to each well and incubated for 4 h at 37˚C in 5% CO 2 . The supernatant was removed and 100 µl dimethyl sulfoxide (Beyotime Institute of Biotechnology) was added. The absorbance was detected at 490 nm using an ELx800 type absorbance reader (BioTek Instruments, Inc., Winooski, VT, USA).
Cell invasion assay. Cell invasion assay was performed using a Cell Invasion Assay kit (cat no. QIA129-1KIT; EMD Millipore, Billerica, MA, USA). Transwell chambers were pre-coated with Matrigel, both purchased from EMD Millipore. A suspension containing 5x10 5 cells/ml was prepared in serum-free medium, and 300 µl cell suspension was added into the upper chamber. Then, 500 µl DMEM with 10% FBS was added into the lower chamber and the cells were incubated for 24 h. Then, a cotton-tipped swab was used to carefully wipe out the cells that did not migrate or invade through the pores. The filters were fixed in 90% alcohol and stained with crystal violet (Beyotime Institute of Biotechnology). Cell number was determined in five fields randomly selected under an inverted microscope (model no. CX23; Olympus Corporation, Tokyo, Japan).
Glucose uptake assay. After culture for 24 or 48 h, the medium supernatant was collected and diluted to 1:4,000 in PBS. The quantity of glucose in the supernatant was then detected using a Glucose Uptake Colorimetric Assay kit (cat no. MAK083; Sigma-Aldrich) in accordance with the manufacture's protocol. The absorbance was detected at 412 nm using the ELx800 absorbance reader.
Lactate quantification. Metabolites were quantified from medium supernatant using a Lactate Assay kit (cat no. MAK064; Sigma-Aldrich) after culture for 24 or 48 h, according to the manufacturer's instructions. The concentrations were normalized against protein contents as determined by a BCA Pierce Protein Assay Kit (cat no. 23225; Pierce Biotechnology) using bovine serum albumin (Sigma-Aldrich) as a standard protein.
Statistical analysis. Data are expressed as the mean ± standard deviation of at least three independent experiments. The differences between groups were determined by Student's t-test. Statistical analysis was performed using SPSS statistical software, version 18.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-138 was significantly downregulated in MM WM451
cells. To elucidate the role of miR-138 in MM in vitro, the expression levels of miR-138 in the MM WM451 and normal human melanocyte HM cell lines were evaluated. As shown in Fig. 1 , the expression levels of miR-138 were notably reduced in the MM WM451 cells compared with the HM cells.
Roles of miR-138 and HIF-1α in the regulation of WM451 cell proliferation. As HIF-α has been reported to be a direct target of miR-138 (19), the roles of miR-138 and HIF-1α in the regulation of WM451 cell proliferation was investigated. Two groups of WM451 cells were transfected with miR-138 mimics and HIF-1α siRNA, respectively. Following transfection, miR-138 was significantly upregulated compared with the control group, while HIF-1α was notably downregulated 
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compared with the control group, indicating that the transfection was successful ( Fig. 2A-C) . Subsequently, an MTT assay was performed to determine the cell proliferation in each group. As shown in Fig. 2D , overexpression of miR-138 significantly suppressed WM451 cell proliferation, comparable with the effect of HIF-1α knockdown. These results suggest that miR-138 may be involved in the regulation of MM cell proliferation, in opposition to HIF-1α.
Roles of miR-138 and HIF-1α in the regulation of WM451 cell invasion.
The roles of miR-138 and HIF-1α in the regulation of WM451 cell invasion were investigated using a Transwell assay to determine the cell invasive capacity in each group. As shown in Fig. 3 , overexpression of miR-138 significantly inhibited WM451 cell invasion, which was similar to the effect of HIF-1α knockdown, suggesting that miR-138 has a suppressive effect on MM cell invasion, in contrast with HIF-1α. 
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Roles of miR-138 and HIF-1α in the regulation of WM451 cell glycolysis. As HIF-1α has been demonstrated to serve a crucial function in glycolysis in cancer cells, the roles of miR-138 and HIF-1α in the regulation of WM451 cell glycolysis were investigated. Three groups were established, as follows: WM451 cells in the control group did not receive transfection; WM451 cells in the miR-138 group were transfected with miR-138 mimics; and WM451 cells in the miR-138+HIF-1α group were co-transfected with miR-138 mimics and pcDNA3.1 (+)-HIF-1α plasmid. Following transfection, the protein expression level of HIF-1α was evaluated in each group. As demonstrated in Fig. 5A , the protein level of HIF-1α was significantly reduced after transfection with miR-138 mimics, which was reversed by transfection with pcDNA3.1(+)-HIF-1α plasmid, indicating that the transfection in each group was successful. Subsequently, the glycolysis level in each group was investigated by evaluating the glucose consumption and lactic acid production. As shown in Fig. 5B and C, upregulation of miR-138 notably inhibited the glycolysis level, as demonstrated by reduced glucose consumption and lactic acid production, which could be reversed by overexpression of HIF-1α. These results suggested that the inhibitory effect of miR-138 on MM cell glycolysis may occur via the inhibition of its target HIF-1α.
Discussion
It has been reported that the expression level of miR-138 is reduced in superficial spreading MM when compared with that in congenital nevi, suggesting that deregulation of miR-138 may play a role in the growth and metastasis of MM (11) . However, to date the exact role of miR-138 in the regulation of the proliferation, invasion and energy metabolism in MM cells remains unclear. The present results showed that miR-138 was notably downregulated in MM cells, when compared to a normal melanocyte cell line HM. Furthermore, upregulation of miR-138 suppressed the proliferation, invasion and glycolysis in MM cells, possibly by inhibiting the expression of HIF-1α, a direct target of miR-138. miR-138 was previously reported to modulate cardiac patterning during embryonic development (20) . Furthermore, miR-138 was found to be involved in the regulation of dendritic spine morphogenesis, in addition to the osteogenic differentiation of mesenchymal stem cells (21, 22) . Previously, deregulation of miR-138 was demonstrated to be associated with multiple types of human malignancies, generally acting as a tumor suppressor (23, 24) . For instance, miR-138 is able to suppress invasion and promote apoptosis in head and neck squamous cell carcinoma cells, via inhibition of the Rho GTPase signaling pathway (25) (26) (27) . In addition, miR-138 was found to suppress epithelial-mesenchymal transition in squamous cell carcinoma cell lines, suggesting that it may serve a crucial function in the metastasis of squamous cell carcinoma (28) . Furthermore, deregulation of miR-138 was suggested to be associated with different histological subtypes of MM (11) . However, the exact role of miR-138 in MM as well as the underlying mechanisms remains largely unknown. In the present study, miR-138 appeared to exert inhibitory effects on MM cell proliferation and invasion, suggesting that it may suppress the growth and metastasis of MM.
HIF-1α has been demonstrated to act as a key regulator in carcinogenesis by mediating the cellular and systemic homeostatic responses to hypoxia by activation of gene transcription (14) . HIF-1α was found to be upregulated in advanced MM cells, when compared with those of melanocytic nevi or thin melanomas localized to the skin (17) . Furthermore, elevated expression of HIF-1α was previously found to be associated with poor prognosis in MM (29) . Accordingly, HIF-1α functions as an oncogene in MM. A prior study reported that miR-138 suppressed ovarian cancer cell invasion and metastasis by targeting HIF-1α (30) . Therefore, we further investigated the involvement of HIF-1α in the miR-138-mediated inhibition of MM cell proliferation and invasion. The present results showed that knockdown of HIF-1α was associated with inhibited MM cell proliferation and invasion, which was comparable with the effects of miR-138 overexpression. In addition, miR-138 negatively regulated the protein expression of HIF-1α in MM cells, suggesting that the suppressive effects of miR-138 overexpression on cell proliferation and invasion may occur via the s downregulation of HIF-1α in MM cells.
Aberrantly high levels of glycolysis may be an indication of cancer in humans, including MM, as glycolysis rapidly provides tumor cells with energy and metabolic intermediates for macromolecular biosynthesis, supporting cancer cell proliferation, migration and invasion (31, 32) . Furthermore, HIF-1α has been demonstrated to directly mediate glycolysis (33, 34) . Therefore, an aim of the present study was to determine the involvement of miR-138 and HIF-1α in glycolysis in MM cells. The results showed that the upregulation of miR-138 significantly inhibited glycolysis, which could be reversed by overexpression of HIF-1α. These findings suggest that the inhibitory effect of miR-138 on glycolysis may be exerted via the direct inhibition of HIF-1α.
In conclusion, miR-138 appears to be able to inhibit proliferation, invasion and glycolysis in MM cells, potentially via the direct inhibition of HIF-1α. These results may provide insights for the development of new therapeutic strategies for MM.
